A C C E P T E D M A N U S C R I P T

Introduction
Naturally occurring polyamines, such as spermine, spermidine and putrescine are ubiquitous cellular cations that play key roles in cell growth, differentiation 1 , cell progression and apoptosis. 2, 3 Growth regulation by polyamines is partly associated with their nucleic acids interaction and ability to alter DNA conformation through condensation and aggregation. 4, 5 Stabilization of specific DNA conformations is important for processes such as nucleosome formation, 6 chromatin condensation 7 and gene expression. 8, 9 Moreover, a high polyamine polyamines and nucleic acids is an electrostatic interaction between the positively charged polyamines and the negatively charged phosphates of nucleic acids. Moreover, the ability of polyamines to change their protonation degree upon small pH variations permits to modulate the interaction with DNA. However, interactions with the bases along the grooves should also be taken into account. For example, spermine is reported to have either weak or no base-pair selectivity 11, 12 or GC selectivity 13, 14 depending on the base-composition of the DNA duplexes.
On the other hand, natural polyamines induce changes from the B-secondary DNA structure to the A-or Z-structures Error! Bookmark not defined. and can favour DNA aggregation processes. Error! Bookmark not defined. In this frame, our groups launched a program to develop synthetic open-chain polyamine ligands able to bind selectively RNA over DNA 15 However, the first family of ligands exhibited negligible in vitro activity in cancer cell cultures due to a poor cellular uptake caused by their high charge at physiological conditions. In order to improve cell uptake, we prepared aryl-linked (pyridine and phenanthroline) bis-polyaza pyridinophane ligands (L2 and L5 in Scheme 1) with the same charge as the previous family but possessing a much higher hydrophobicity due to their bulky conformation induced by an internal hydrogen bond network 16 The selectivity achieved by these polyazapyridinophane ligands for ds-RNA (poly A-poly U) over ds-DNA (poly dA-poly dT) was explained by the differences in the steric properties of the binding sites of these polynucleotides. 17 Interestingly, the much lower ds-RNA over ds-DNA selectivity observed for L5 in comparison to L2 was ascribed to the ability of phenanthroline to intercalate between the base-pairs of the polynucleotides.
The pronounced ds-RNA over ds-DNA selectivity showed by L2 is intriguing and has led us to perform a more detailed study of the interaction of L2-like compounds with DNA and RNA.
A C C E P T E D M A N U S C R I P T
Following this approach, we have synthesized a new poly pyridinophane ligand L1 (Scheme 1)
with a higher number of amino groups than L2 but retaining the same conformation and preserving some of the properties of the parent aryl linked compounds L2 and L5. In addition,
we have studied ligands L3 and L4 (Scheme 1) described as the one-arm monomer counterparts of L1 with and without the pyridine unit in the arm, respectively.
We have studied the interaction of these ligands with double stranded polynucleotides presenting significant differences in the secondary structure: i) ctDNA which presents a classical B-helix and mixed base pair composition 18 , ii) dGdC-DNAs which also form classical B-helix but with a minor groove that is sterically hindered by amino groups of guanine, iii) the close analogue dIdC-DNA lacking the amino groups in the purine bases, iv) dAdT-DNA which forms a peculiar twisted secondary structure characterized by much narrower and deeper minor groove 19 in comparison to common B-helix of other ds-DNAs and v) rArU-RNA (ds-RNA) characterized by A-helical structure of wide and shallow minor groove and deep and narrow major groove. Error! Bookmark not defined.
Taking into account the preliminary circular dichroism experiments of the interaction of L2 and poly dG-poly dC which suggested DNA condensation, we have expanded our studies to all bisand mono-derivative compounds shown in Scheme 1 by using thermal UV melting, CD and ITC techniques. In addition, an acyclic polyamine that is a well-known DNA condensation agent in cells, spermine, was studied for comparative aims. Error! Bookmark not defined.
,20
Results and discussion
Synthesis and acid-base behaviour
Synthesis of the compounds L1-L4.
The synthesis of L1 was carried out by reacting two moles of 6-(6-amino-3-azahexyl)-3,6,9-triaza-1-(2,6)-pyridinecyclodecaphane (L4 in Scheme 1) with one mole of pyridine-2,6-
dicarboxaldehide in dry ethanol followed by in situ reduction with sodium borohydride. Finally, L1 was precipitated as its hydrochloride salt with HCl in dioxane. Synthesis of L2, L3 and L4
was achieved as previously reported. Error! Bookmark not defined., 21 All the ligands were characterized by NMR spectroscopy, HR-MS and elemental analysis (see Material and Methods).
Acid-base behaviour of L1-L4.
Potentiometric titrations were conducted to know which species prevail in solution and to determine the number of charges of the ligands in the pH range of interest. The protonation constants of L1 along with those of L2, L3 and L4, reported previously, are shown in Table   S1 . Error! Bookmark not defined.,Error! Bookmark not defined.,22 L1 presents eight protonation steps in the pH range of study (pH = 2.5 -10.5) and the high values of the protonation constants make the species H8L1 8+ to prevail in a wide pH range (see figure S1 in ESI). From the analysis of the distribution diagrams (figures S1-S2), the net charges of the ligands at pH 7.0 were calculated and shown in Table 1 . The net charges follow the trend L1 > L2 > L4 ~ L3 (Table 1) , which is in good agreement with the increasing number of secondary amine groups in the ligands.
Interactions of L1-L4 compounds with double stranded nucleic acids
Thermal denaturation studies
It is well known that when heated, ds-helices of polynucleotides dissociate into two single stranded polynucleotides at well-defined temperatures (Tm value). The thermal stability of dspolynucleotides, and thus the Tm value, is affected by the binding of non-covalent small molecule. In this regard, Tm differences between free polynucleotides and their complexes with small molecules (Tm values), are an important factor in the characterisation of small molecule / ds-polynucleotide interactions. 23 Thermal denaturation studies of compounds L1-L4 and spermine with ds-DNA (ctDNA, poly dAdT, poly (dIdC)2) and ds-RNA (poly AU) were performed and Tm values are collected in Table 2 .
L1-L4 did not exhibit significant stabilization effect in the studied polynucleotides except for poly A -poly U. On the other hand, spermine, the simplest polyamine of the series, exhibited the largest ds-polynucleotide stabilization. This effect is possibly related to its acyclic-structure that allows for a more efficient interaction between its ammonium groups and the phosphate backbone groups. 24 Both, bis-derivatives (L1-L2) and mono-derivatives (L3-L4), demonstrated stronger stabilization of ds-RNA (poly A-poly U) than of ds-DNA (poly dA -poly dT). Error! Bookmark not defined. Taking into account the conformations of these polynucleotides, the observed thermal denaturation selectivity is probably related to the much deeper major groove of ds-RNA that allows a more efficient binding of all polyamine-based compounds.
Specific trends in the stabilization effects of poly dA -poly dT (∆Tm values) and ratios (r = [Ligand)] / [polynucleotide]) were observed for both single-and double-derivatives. L3 (r =0.5, ∆Tm = 3.3) and L4 (r =0.5, ∆Tm = 3.9) showed an increase of poly dA -poly dT stabilization with the increase of r whilst L1 showed an opposite trend (decrease in stabilization with the increase of r). The stabilization pattern of single-derivatives is of typical minor groove binders (namely higher stabilization with an increase of r). 25 The opposite effect observed for L1 ( ∆Tm (r = 0.1) = 5.9 > ∆Tm (r = 0.2) = 3.5 > ∆Tm (r = 0.5) = 2.4) suggests that this bulkier doublederivative cannot bind as properly in the minor groove of poly dA -poly dT as it does for low molar ratios. This effect may be induced by modification of AT minor groove dimensions that hampers the binding of additional molecules. 26 A small stabilization of the mixed base-pair composition, ctDNA (42% of GC base-pairs and 58 % of AT base-pairs) was only shown by spermine. Furthermore, low ∆Tm values were observed for poly (dIdC)2 with L1, L2 and spermine. The majority of titration experiments resulted in negative peaks indicating that the binding processes were exothermic (Figure 1 and ESI). The most of the resulting data was fitted to a single-site binding model by using a nonlinear least square method ( Table 3) .
ITC titrations of compounds with ds-DNA and ds-RNA
Analysis of ITC experiments of the double-derivatives L1 and L2 and of the single-derivative L3 with poly dA -poly dT, poly A -poly U and poly dG -poly dC showed relatively high and similar binding affinities (log Ka in and slightly negative enthalpies (Table 3) , revealing an entropically driven binding. On the other hand, the binding of both bis-derivative ligands (L1 and L2) with polynucleotides was
favoured by the large negative enthalpy and the significant negative entropy terms, indicating overwhelmingly enthalpically driven binding processes. In many cases, the groove binding is associated with positive (favourable) binding entropies due to the release of confined or interfacial water molecules to the bulk as we postulated for L3 from the thermal studies. Error!
Bookmark not defined.,32
The enthalpic contribution to the free energy reflects the specificity and the strength of interactions occurring between the binding partners (ionic and hydrogen bonds, electrostatic and van der Waals interactions, polarisation of the interacting groups and others). Error! Bookmark not defined. On the other hand, the stronger interaction in a bimolecular binding process will produce a more negative enthalpy that occurs at the expense of an increased order, leading to a more negative entropy contribution (see Tables 3 and 4) .
In order to analyse the differences in ITC profiles of alternating dGdC and dIdC sequences, spermine and double-derivative compounds were also titrated with poly (dGdC)2 and poly (dIdC)2. Poly (dGdC)2, titrations with both L1 and L2 exhibited binding constants of an order of magnitude higher than of the other polynucleotides. Experiments of double-derivatives with poly (dIdC)2 were processed according to a two sites model, since both L1 and L2 demonstrated two types of binding ( Figure 1 , S7 and S12 in ESI).
The first binding event with dIdC sequences was characterized by binding constants of two orders of magnitude higher than those for the other polynucleotides studied.
Unlike spermine, where binding was clearly entropy driven, the titrations with L1 and L2 was accompanied by almost equally large negative H o values and positive TΔS o terms. All thermodynamic parameters obtained from spermine titrations with dGdC and dIdC sequences are in agreement with previous reports. Error! Bookmark not defined.,33
Lower constants and small negative entropies were obtained for the second type of binding of both double-derivatives with poly (dIdC)2.
Ethidium bromide displacement assays
As an alternative method for the estimation of affinity of small molecules for polynucleotides, Taking into account the obtained IC50 values (ESI , Table S2 ) and the binding constant of EB toward ctDNA in the same experimental conditions (pH 7.0, log Ks = 6), the estimated affinity of L1, L2 toward ds-polynucleotides is about log Ks 6, and for L3 log Ks 5, which agrees within an order of magnitude with the ITC results (Table 3) .
CD spectroscopy
CD spectroscopy, a highly sensitive method for detecting conformational changes in the secondary structure, was used to monitor changes in polynucleotide properties induced by small molecule binding. 34 In addition, achiral small molecules such as L1-L3 can eventually acquire induced CD spectrum (ICD) upon binding to polynucleotides, potentially providing useful information of the binding modes . 35, 36 However, the absorbance range of DNA and L1-L3 strongly overlaps, thus only changes in CD spectra at  > 290 nm could be attributed to eventual ICD bands of small molecules.
In general, the addition of the single-derivative L3 to polynucleotides caused negligible changes in CD spectra (see Figures S29-S33 in ESI) and thus will not be further discussed.
The appearance of a negative CD band in the 295 -300 nm region, was observed as a common Poly dG -poly dC adopts an unusual B-form with some distinctly A-like features. 37 Even though embedded G-tracts have a propensity to favour the A-form in solution Error! Bookmark not defined. , the overall conformation of (G+C) rich DNA fragments was more indicative of the Bform. 38 Unusually for the A-form, another peak appeared at 270 nm, likely due to the cumulative effect of ICD bands of L1 and L2 combined with changes in CD spectrum of DNA. Further additions (r > 0.2) resulted in dramatic intensity increases of the CD bands, which can be attributed to the condensation of poly dG -poly dC (see Figure 2 ). It is noteworthy that condensation occurred at lower ratio for L1 (r = 0.3) than for L2 (r = 0.5), which could be explained by the higher charge of L1 at this pH (L1, +6; L2, +4.2, see Table 1 ). Similarly to the bis-derivatives (L1-L2), the addition of the mono-derivative L3 to a poly dG -poly dC solution also resulted in a
transition to the A-form but contrary to L1 and L2, the condensation did not happen which emphasizes the importance of the second polyaza chain.
Even stronger changes in CD spectrum were observed at lower ratios (r ≤ 0.1) for the alternate GC-base polynucleotide (poly (dGdC)2), suggesting a higher propensity of the compounds to The strong changes in CD spectra of GC and IC polynucleotides induced by the doublederivatives are characterized by (i) a negative signal around 300 nm, (ii) the large magnitude CD bands compared to the intrinsic CD bands of studied polynucleotides and (iii) an extension of CD bands to the non-absorbing region in the form of CD tails. All these features in CD spectra could be attributed to the formation of  (psi) form-DNA induced by L1-L2.
The  -DNA 44, 45 is considered to be a twisted and tightly packaged self-assembly of the polymer, which is postulated to occur when 90% of the DNA negative charge from the phosphate backbone is neutralized. 46 The transition from the B-DNA to the -DNA is reversible and could be monitored by CD spectroscopy by changing the ionic strength of the solution (I  0.1M). Therefore, the initial CD spectra of the L2-poly (dGdC)2 complex in the -DNA form showed the expected   B transition upon NaCl addition (Figure 3) . Moreover, the flow-LD experiments of the L1-ctDNA complex were performed and they confirmed DNA condensation by the appearance of an Interestingly, the negative signal near 300 nm was not present in the CD spectrum of GC 25mer in contrast to poly (dGdC)2. Additionally, the reversible  → B transition experiment with L1-GC 25 mer complex was successfully obtained upon addition of NaCl (see ESI).
Discussion of calorimetric and spectroscopic studies
The degree of polynucleotide condensation was different depending on the basepair composition and their secondary structure and varied following the trend poly A -poly U  poly dA -poly dT  poly dG -poly dC  poly(dGdC)2  poly(dIdC)2 . Although L1 and L2 bind in the major groove of both poly dG -poly dC (the intermediate A/B-DNA) and poly Apoly U (A-RNA), only poly dG -poly dC showed a pronounced condensation (Figure 2 , Figure   S29 in ESI). These effects can be related to different electrostatic potential around DNA and RNA that brings ions closer to the latter than to the former. Also, the computations of the potential around DNA and RNA duplexes showed that the major groove of A-RNA has a higher negative potential than the minor groove while this is reversed for B-DNA. Because of that, multicharged ions have a tendency to bury themselves very deep within the RNA major groove 
Agarose gel electrophoresis
Extensive agarose gel electrophoresis is commonly used for investigating the DNA cleavage efficiency and the various binding modes of small molecules to supercoiled DNA. 53 Gel
electrophoresis can also be used to monitor the effect of DNA condensation induced by different ligands. 54 We performed this assay ( Figure 4 ) to evaluate the impact of L1 -L3 and spermine binding to DNA (plasmid BlSc r2.9) and, consequently, to investigate the relative mobility of the formed complexes at different compound/DNA concentration ratios. Bis-polyaza pyridinophane compounds (L1 and L2) strongly delayed the mobility of DNA at 50 µM concentration, while at ten times lower concentration (5 µM) there was no effect. Spermine decreased the mobility of DNA only at 50-times higher concentration (5 mM) while monomer ligand, L3 had no effect on DNA mobility. These results agree with the tendency to condense DNA observed in the CD experiments; L1 and L2 have a stronger ability to condense DNA than spermine while L3 has no effect on DNA condensation.
Atomic Force Microscopy
Atomic Force Microscopy (AFM) is a surface-sensitive technique able to describe 3D
conformations of biomolecules at high nanometer level resolution. In this work, AFM was employed to visualise poly (dGdC)2 conformation deposited on atomically flat mica surface, before and after the addition of condensing agents ( Figure 5 ). Figure 5A shows DNA molecules on a mica surface, with the expected elongated conformation of a linear ds-DNA polymer. The addition of L1 at r = 0.3 resulted in the condensation of the polynucleotide, with the increase in height, width (Table 5) 
Conclusions and Outlook
Our study confirms that electrostatic and hydration forces are the main driving forces in ligand- cell, stirrer, microcomputer etc.) has been fully described elsewhere. 63 The acquisition of the EMF data was performed with the computer program PASAT. 64 The ,and the ionic product of water (pKw = 13.7 (1)). The computer program HYPERQUAD was used to calculate the protonation and stability constants. 66 The 
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